Abstract Hydroxypropyl xylans with varying degrees of substitution were characterized by size-exclusion chromatography. Molar masses of the samples were determined using two approaches: by conventional calibration with molar mass standards and by a multi-detection method that utilizes the combination of static light scattering, viscometry, and differential refractive index detection. The molar mass results obtained by the multi-detection method were accurate, but required the determination of separate refractive index increments for each structurally different sample. The column calibration approach with standard pullulan samples gave biased results due to the differences in hydrodynamic volumes between pullulans and hydroxypropyl xylans with similar molar masses. The degree of hydroxypropylation affected the chain conformation and compactness of the polymer chains. MarkHouwink parameters and persistence length values suggested that the hydroxypropyl substituents reduced the flexibility of the xylan chain and made the polymer chain more extended.
Introduction
Interest in the utilization of biomass has increased enormously during the past couple of decades. Two global issues have raised interest in finding ways to convert biomass to chemical products: the necessity of using renewable carbon sources instead of fossil fuels and the need to decrease greenhouse gas emissions. The use of biopolymers extracted from the biomass as an alternative to synthetic polymers is one important way of utilizing biomass. In addition to using biopolymers in their native forms, the properties of biopolymers can be altered by modification (chemical, physical, enzymatic) of the polymeric chains. This study focuses on the macromolecular characterization of chemically modified birch xylan. Xylans, the cell wall polysaccharides in plants, are one major group of hemicelluloses which constitute the second most abundant bioresource in the earth after cellulose [1] .
The composition of xylans varies depending on the plant and the part of the plant. Birch wood contains glucuronoxylans (GX) which, in their native form, consist of a (1 → 4)-linked β-D-xylopyranosyl (β-D-Xylp) backbone with (1 → 2)-linked 4-O-methyl-α-D-glucopyranosyl uronic acid residues (MeGlcpA) and acetyl groups attached to the main chain [2, 3] . However, alkaline extraction that is mainly used for hemicelluloses results in modification to the xylan structure by removing the acetyl groups. Deacetylation decreases the water solubility of xylans. Production of kraft pulp further modifies the xylan structure by reducing the MeGlcpA content [4, 5] . Thus, xylan from the kraft pulp process (employed in this study) is nearly linear and contains only a low charge of approximately −0.24 meq/g dry weight [6] . By chemical modification, such as hydroxypropylation, of alkaliextracted xylans, the water solubility can be recovered. Previous studies on hydroxypropylation of xylans, using either propylene oxide or propylene carbonate as reagents, have shown the potential of this chemically modified, thermoplastic material [6] [7] [8] . Hydroxypropyl xylan (HPX) has been shown to be a potential material in films and coatings that could be used in biodegradable packaging [6, 9, 10] . Also, cellulose has been modified by hydroxyalkylation (i.e., introduction of hydroxyethyl or hydroxypropyl groups at the position of C2, C3, and/or C6) in order to improve its water solubility. Hydroxypropyl cellulose is used as a thickener and emulsion stabilizer in the food industry (E number E463), and also in the pharmaceutical industry as a binding agent in tablets and a formulation agent in artificial tears [11, 12] .
Molar mass (and especially molar mass distribution) is one of the most important factors influencing the polymer properties [13] . In order to get information on the molar mass distribution, the polymeric sample needs to be separated using methods such as size-exclusion chromatography (SEC) or field-flow fractionation (FFF). The simplest way to get information on molar mass distribution is to couple the separation technique with a concentration-sensitive detection method, commonly differential refractive index (DRI) or ultraviolet (UV). This approach requires the analysis of low dispersity molar mass standards using analytical conditions identical to those for the samples. The detector signal intensity thus gives the concentration for each eluted fraction, and the elution volume defines the molar mass (when the retention volume of the sample is compared with the elution volumes of the standards). This so-called conventional calibration method is, however, prone to errors caused by the different molar massto-hydrodynamic volume ratio of the sample and the standards used for calibration. Also, molar masses determined by conventional calibration are sensitive to errors caused by enthalpic interactions between column stationary phase and analytes. Adding other detectors to the detector train, especially light scattering detectors (multi-angle light scattering detectors [MALS] and dynamic light scattering detectors [DLS] ) and viscometers, allows for the determination of Babsolutem olar masses as well as size and conformation parameters for each separated fraction [14, 15] .
As already discussed, interest in modification of biopolymers is rapidly increasing. Thus, there will also be growing demand for the development of analytical techniques for these novel biomacromolecules. Even though the analytical toolbox for polymer separation and characterization already exists, critical evaluation of the use of these techniques for biomacromolecules with complex and heterogeneous structures is important. In this study, hydroxypropyl xylans with varying degrees of hydroxypropylation were characterized by SEC using multi-detection approach (light scattering, viscometer, and differential refractometer). SEC with conventional molar mass calibration (employing narrow dispersity pullulan standards) was used as a reference method [16] . The accuracy of both techniques was evaluated for molar mass analysis. Also, the difference in the chemical composition of the HPX samples was taken into account when the accuracy of the multi-detection data was evaluated. This was accomplished by investigating the effect of hydroxypropylation degree on the refractive index increment (∂n/∂c); the constant that is needed both for concentration determination by differential refractometer and for the determination of molar mass by light scattering.
Materials and methods

Materials
The hydroxypropyl xylans used here were produced previously for film formation studies [10] . The alkaline-extracted birch xylan was hydroxypropylated under alkaline conditions [6, 10] . The chemically modified xylans formed dispersions, with the dry matter content ranging from 8 to 12%. Part of the dispersion was freeze-dried for SEC analysis. HPLC-grade dimethyl sulfoxide (DMSO) for the SEC was obtained from Fisher Scientific (Loughborough, UK) and lithium bromide (LiBr) was obtained from Sigma-Aldrich (Steinheim, Germany). Narrow dispersity pullulan standards came from Agilent/Polymer Laboratories (Amherst, USA) and Postnova Analytics (Landsberg/Lech, Germany).
SEC analysis
The SEC instrument consisted of an integrated autosampler and pump module (Viscotek GPCmax, Malvern Instruments Ltd., Worcestershire, UK), a column oven (CROCO-CIL, Cluzeau Info Labo, Sainte-Foy-laGrande, France), a combined static light scattering and viscometric detector (Viscotek 270 Dual Detector, Malvern Instruments Ltd), and a DRI detector (Viscotek VE 3580, Malvern Instruments Ltd). The light scattering detector (λ 0 = 670 nm) included two scattering angles: 7°a nd 90°. The separation of samples was conducted using two Jordi (Jordi Labs, Mansfield, USA) columns: Xstream mixed bed (covers molar mass range from 100 to 10,000,000 g/mol) and X-stream 500 Å (dimensions of both columns 250 × 10 mm) at 60°C. The flow rate was 0.8 ml/min and the injection volume was 100 μl. HPX samples were dissolved in mobile phase DMSO containing 0.01 M LiBr at the concentration of 5 mg/ml, and the samples were filtered using 0.45 μm syringe filters (GHP Acrodisc 13, Pall Corp., Ann Arbor, MI) before analysis. The molar mass averages were calculated based on the light scattering/viscometry method [14, 17] or by constructing a relative calibration curve using narrow dispersity pullulan standards (pullulans with nominal molar masses of 1320, 5900, 11,800, 22,800, 47,300, 112,000, and 212,000 g/mol). Calibration curve is shown as Electronic Supplementary Material (ESM, Fig. S1 ).
Column recovery values were determined based on the DRI signals.
Specific refractive index increment (∂n/∂c) determination
Specific refractive index increment (∂n/∂c) values for the HPX samples (degrees of substitution [DS] of 0.3, 0.6, and 1.1) were determined offline using a T-rEX differential refractometer (vacuum wavelength of light λ 0 = 658 nm, Wyatt Technology Co., Santa Barbara, USA). HPX samples were dissolved in DMSO containing 0.01 M of LiBr at six concentrations of approximately 1, 2, 3, 4, 5, and 6 mg/ml, and each solution was injected directly into the refractometer cell using disposable 1 ml syringes. The temperature of the refractometer was set to 40°C. ASTRA software (Wyatt Technology Co.) was used for data collection and processing. The ∂n/∂c values were obtained from the slopes of a plot of concentration versus differential refractive index for each HPX sample.
Results and discussion
The series of HPX samples with varying DS were produced from the alkaline-extracted birch xylan using propylene oxide as a reagent for derivatization. The DS for each HPX was determined using quantitative 13 C NMR spectroscopy and average DS values of 0.3, 0.6, and 1.1 were obtained [10] . The HPX samples were separated and characterized using two SEC approaches: with conventional pullulan calibration (single concentration-sensitive detector) and by coupling the SEC with multiple detectors (light scattering [LS], viscometry [VISC] , and differential refractometry [DRI] ). An organic solvent was used as the eluent (DMSO + 0.01 M LiBr) in all the SEC analyses. Initially, aqueous eluent was also tested for HPX samples, but SEC-LS/VISC analyses in 0.1 M NaNO 3 (aq.) revealed that HPX chains were not dissolved at the level of individual polymer chains and that the samples contained high-molar mass aggregates (previous SEC studies in DMSO/water eluent have shown that the molar masses of nitren-extracted birch pulp xylans are relatively low, in the range of ∼10,000 g/mol [18] ). Aqueous eluent was an obvious first choice for the HPX samples, because the purpose of hydroxypropylation is to increase the water solubility of polysaccharides, such as cellulose and various hemicelluloses. The alkaline-extracted birch xylan used as the starting material for hydroxypropylation was not soluble in either of the eluent systems tested in this study for SEC analyses (organic or aqueous).
Molar mass determination of hydroxypropyl xylans by SEC with conventional pullulan calibration
The SEC chromatograms of HPX samples detected by DRI are presented in Fig. 1 . As expected, only minor differences in the retention volumes could be observed because the birch xylan used as a starting material for hydroxypropylation was the same in all three samples, and the only difference in the molar masses should have resulted from the differences in the hydroxypropyl group content. The percentage increase in molar mass can be calculated for HPX samples when the average DS is known (here, the DS is obtained from NMR spectroscopy). The molar mass of xylan is expected to increase 14% when the DS is 0.3, 26% when the DS is 0.6, and 49% when the DS is 1.1 ( Table 2 ). The Btraditional^way of determining the molar mass for SEC separated samples is to construct a calibration curve using narrow dispersity molar mass standards. Here, the pullulan calibration curve was used for molar mass determination, and the molar mass averages (M w , weight-average molar mass, and M n , number-average molar mass) are presented in Table 1 . As can be seen from the values in Table 1 , only very small differences could be observed between the samples. This is in accordance with the chromatograms (Fig. 1) , which show very minor differences between the samples in their elution volumes (in conventional calibration, the peak position directly determines the molar mass). However, the differences in molar masses between the samples with varying DS should be larger, as indicated by the percentages presented in Table 2 . HPX samples with varying DS have been previously analyzed by SEC using pullulan calibration and 0.1 M NaOH as eluent [10] . These previously published data show the same trend as that observed in this study: only very small differences in molar masses between the samples were observed. Also, the molar mass results from the calibration curve obtained in this study seemed somewhat high because, as already discussed, the molar mass of birch pulp xylans has been reported to be in the range of ∼10,000 g/ mol [18] . Due to these facts, the molar mass results obtained using pullulan calibration seemed biased, and another approach was applied, in which SEC was coupled with LS/ VISC/DRI detectors.
Macromolecular characterization of hydroxypropyl xylans by multi-detection SEC
The coupling of SEC with multiple detectors (LS/VISC/DRI) offers many benefits over the method in which the SEC is employed with a single concentration-sensitive detector and the molar mass results are obtained from the calibration curve constructed using the series of standard samples. When the LS/VISC/DRI method is employed, the molar mass obtained for every eluted fraction is not dependent on the peak position. The signal from the LS detector is directly proportional to the molar mass, and thus gives Babsolute^molar masses that are independent on the calibrants. Also, additional information on the size and conformation of the analyte can be obtained when LS and VISC detectors are included in the detector train. The static light scattering detector allows the determination of a size parameter, the radius of gyration (R G ) for each eluted fraction; the viscosity detector gives another radius, namely the viscometric radius (R η ). The molar mass dependence of these radii provides information about the conformation of the macromolecules. Additionally, the viscosity detector together with DRI gives intrinsic viscosity ([η]) values across the separated sample. Intrinsic viscosity can be considered as
Binverse density,^and it describes the compactness of the sample in solution.
As can be seen in Table 1 , the molar masses obtained with the triple-detection method are much lower than those obtained using the pullulan calibration curve (the M w of HPX DS 0.3 and HPX DS 0.6 are almost half of the values obtained via the calibration method). Also, the dispersities obtained with the triple-detection method are lower than those obtained using conventional calibration. Molar mass values obtained by the LS/VISC/DRI method are in the Bexpected range^, based on the earlier results on the average molar masses of birch pulp xylans. Also, when the M w values of HPX DS 0.3 and HPX DS 0.6 samples are compared with each other, the difference in their masses seems reasonable in light of the theoretical mass increase caused by the higher number of hydroxypropyl substituents in the latter compared to the lowest DS sample. Theoretically, the molar mass should increase 11% when the average DS increases from 0.3 to 0.6. The experimental M w for HPX DS 0.3 was 16,500 g/mol, and for HPX DS 0.6, it was 18,700 g/mol (Table 1) ; thus, the increase in the M w value is 13%, which is very close to the value predicted by the calculations. When DS increases from 0.6 to 1.1, the mass should increase 18%. Experimentally, using SEC/LS/VISC, the increase is somewhat higher at 26%. Overall, the experimental molar masses obtained with SEC/LS/VISC are reasonable, and can be considered more reliable than the ones obtained by employing the pullulan calibration curve.
The signal from the LS detector is directly proportional to molar mass (M) and the square of the refractive index increment (∂n/∂c) [19] :
The ∂n/∂c value is a constant that can be determined for each polymer/solvent combination at certain wavelengths using a refractometer. Also, ∂n/∂c values can be found from the literature (please see references [20, 21] ). The ∂n/∂c values taken from the literature should, however, be used only after careful consideration. The chemical structure affects the ∂n/∂c value and thus, for copolymers and biopolymers with structural variation, the constant needs to be determined for each polymer/solvent pair. Unfortunately, many researchers must M w weight-average molar mass, M n number-average molar mass, Đ dispersity rely on the literature values due to the lack of available instrumentation for the ∂n/∂c measurements. In this study, we measured the ∂n/∂c values for all three HPX samples with varying DS, and the ∂n/∂c plots (and associated slopes) are presented in Fig. 2 . As can be seen from the results, the DS has a significant effect on the ∂n/∂c values, and the ∂n/∂c value decreases when the DS increases. Because ∂n/∂c is a squared term in the light scattering equation, its accurate determination is highly important for accurate molar mass determination by the light scattering technique. The results obtained in this study highlight this fact: the error in M w of HPX DS 1.1 is 34% if the ∂n/∂c value of HPX DS 0.3 (0.053 ml/g) is used for molar mass determination, and the error is even larger, at 68%, for the opposite case in which the ∂n/∂c value of HPX DS 1.1 (0.035 ml/g) is used for M w determination of HPX DS 0.3. To our knowledge, this is the first study in which ∂n/∂c has been determined for series of structurally modified polysaccharides with varying DS. SEC with a light scattering detector has been used before for analysis of HPX samples, but in those studies [22] , a constant ∂n/∂c value was used for all samples with different DS. The column recovery values obtained using the determined ∂n/∂c values for each HPX sample were between 95 and 103%, which confirms that the analyses were quantitative. The viscometric detection (together with the refractometer) allows the determination of a size parameter, the viscometric radius (R η ), and a conformation parameter, intrinsic viscosity ([η]). The average R η and [η] values for the HPX samples are presented in Table 3 , and, as can be seen, the values for each parameter are very close to each other. Both size and [η] seem to increase slightly with increasing DS. In Fig. 3 , the intrinsic viscosity for each sample is presented as a function of molar mass in a so-called Mark-Houwink plot. The slope of the plot describes the conformation of a sample. As can be seen in the overlaid Mark-Houwink plots in Fig. 3 , the plots for the two lowest DS samples (DS 0.3 and DS 0.6) seem to have slopes that are close to each other, whereas for the sample with the highest DS (DS 1.1), the intrinsic viscosity increases more quickly as the molar mass increases, yielding a higher slope compared to the DS 0.3 and DS 0.6 samples. The constants of the double-logarithmic plots, which are also known as MarkHouwink constants K and a in the Mark-Houwink equation:
are presented for the HPX samples in Table 3 . As already observed from the overlay graph representing the MarkHouwink plots, the Mark-Houwink a values for the DS 0.3 and DS 0.6 samples are close to each other, at 0.63 and 0.70, respectively. The a value for the DS 1.1 sample was higher, at 0.95. Generally, a values for random coil polysaccharides range from 0.5 to 0.8. Higher values of a indicate more extended conformation [23] . Thus, it seems that when the number of hydroxypropyl side groups increases from DS 0.6 to DS 1.1, the larger number of side groups makes the polymer structure of the DS 1.1 sample more extended compared to the DS 0.6 sample. Previous results for structurally different polysaccharides support the findings of this study: e.g., the Mark-Houwink a for substituted methyl cellulose has been found to be higher than that for linear polysaccharides, such as for pullulan [24] . Similarly, the increasing Mark-Houwink K value indicates a more extended structure, but no definite conclusions can be drawn from the data obtained in our study.
The conformation and flexibility of polysaccharides can also be described by other parameters, such as persistence length (L p ). L p is a quantitative measure of polymer flexibility and can be defined as the distance over which the spatial orientations of monomers are not mutually independent. Even though for a theoretical random coil the L p approaches 0, and for a rod the L p approaches infinity, in practice most of the polymers have L p values that range from ∼1 to 200 nm. The L p can be determined using several different models [24, 25] ; here the Bohdanecký model [26] , which relies on the intrinsic viscosity and molar mass, was employed. In the
, and L p can be calculated from the slope (B η ) of the plot:
where M L is the mass per unit length (0.54 nm), Φ ∞ is the Flory's constant, and the approximation of 1.05 is used for B 0 . As already suggested by the Mark-Houwink a values, the L p values for HPX DS 0.3 and HPX DS 0.6 are the same being 1.3 nm, whereas HPX DS 1.1, with the highest number of side groups, has a higher L p of 4.1 nm.
Comparison of conventional pullulan calibration and LS/VISC/DRI method
As already discussed, the LS/VISC/DRI method seemed to give more realistic results than did conventional pullulan calibration. The reason for the overly large molar masses obtained from pullulan calibration is due to the difference in the hydrodynamic sizes between pullulans and HPX samples. For comparison, the weight-average intrinsic viscosity ([η w ]) values in DMSO containing 0.01 M LiBr for pullulans with nominal molar masses of 11,800 and 22,800 g/mol were 14 and 21 ml/g, respectively. Thus, the molar masses of these pullulans are in the range of HPX samples investigated in this study, but their [η w ] values are significantly lower, indicating more compact solution conformation of pullulans than of HPX chains. When the retention behavior in SEC separation is considered, this means that HPX that have the same molar mass as the pullulan elutes at lower retention volumes than the pullulan elutes, and thus the molar masses obtained as pullulan equivalents are overestimated. Similar to the intrinsic viscosity, the size in terms of R η indicates the compactness of pullulans when compared to HPX samples. The R η for pullulan 11,800 g/mol was 3.1 nm, and for pullulan 22,800 g/mol it was 4.1 nm. The difference in the conformation between pullulans and HPX samples originates from their chemical structures; pullulan consists of maltotriose units that are linked together with α-(1 → 6)-linkages, and xylan has a β -( 1 → 4) -l i n k ed b ac kb o ne . β -(1 → 4 ) -l i n k e d polysaccharides are known to be more rigid than the polysaccharides that have more Bnonlinear^structures.
Conclusions
HPX samples with varying DS were characterized by SEC with two different approaches: with conventional molar mass calibration and by coupling SEC with multiple detectors. Conventional calibration was shown to give biased molar mass results due to the differences in the hydrodynamic volumes between the calibrants (pullulans) and HPX chains. The molar mass results obtained by the LS/VISC/DRI method were in excellent agreement with the theoretically estimated molar masses (which were calculated based on the average DS values obtained by NMR spectroscopy). The accuracy of the molar mass results for different modified polysaccharides obtained by light scattering methods should, however, be evaluated critically because as seen in this study, the ∂n/∂c values of the HPX samples varied significantly as a function of DS (i.e., the chemical structure affected ∂n/∂c). The multi-detection approach allowed the investigation of the effect of DS on conformation and chain stiffness of the HPX chains. Samples with higher degree of hydroxypropylation led to stiffer and more extended chain conformation than did the samples with lower numbers of substituents. Detailed characterizations of the macromolecular properties of modified biomacromolecules are essential, now that efforts to convert of biomass into industrially applicable products have increased tremendously.
